One possible explanation for the variability of attena multiplicative increase in firing rate or through an tional effects with a single stimulus within the receptive increase in the effective strength of the stimulus. To field is that attention increases neuronal sensitivity, but test conflicting predictions of these alternative modthat the effect of attention on firing rate depends on els, we recorded responses of V4 neurons to stimuli where the stimulus falls on the contrast-response funcacross a range of luminance contrasts and measured tion. For example, an increase in sensitivity would not the change in response when monkeys attended to be expected to result in an increase in firing rate for them in order to discriminate a target stimulus from high-contrast stimuli that are already at the saturation nontargets. Attention caused greater increases in repoint on the contrast-response function. Evidence of sponse at low contrast than at high contrast, consissuch an increase in neuronal sensitivity would be a lefttent with an increase in effective stimulus strength.
By comparison, if attention causes a multiplicative It has proven more difficult to find a consistent neural increase in firing rate, then this increase should scale correlate of attentional facilitation in the ventral visualwith firing rate, as illustrated in Figure 1B . Here, the processing stream. According to one proposal, attention neuronal response (above baseline) is multiplied by a constant gain factor, resulting in increases in firing rate with attention that grow larger with contrast. Because ‡ To whom correspondence should be addressed (e-mail: desimonr@ intra.nimh.nih.gov).
this model assumes that attention multiplies neuronal attention is similar to the task used by Luck et al. (1997) and is described in detail in the Experimental Procedures. Briefly, a monkey fixated a small spot of light at the center of a computer screen throughout each trial. Stimuli appeared at two locations: one inside the receptive field of the neuron being recorded, and another across the vertical meridian, at a position of equal eccentricity (see Figure 2) . At the beginning of a block of trials, a few instruction trials were presented that indicated which of the two positions was to be attended during the remainder of the block. The monkey was required to quickly release a bar when a target stimulus appeared at the cued location. The target appeared at the end of a variable-length sequence of nontarget stimuli, and distractor targets occasionally appeared in the sequence of stimuli at the opposite location. Once the monkey was reliably responding to the targets appearing at the cued location and ignoring distractor targets at the uncued location, the cue was removed and the monkey had to continue to perform the task in the absence of the cue. We measured neuronal responses to the identical stimuli appearing in the receptive field, when the monkey either attended to them or else attended to the stimuli appearing in the opposite hemifield. The luminance contrast of each stimulus was selected at random from a set of five contrasts that spanned the dynamic range of how contrast, orientation, and spatial frequency were chosen.) firing rates, we will refer to it as the response gain model. In the present study, we distinguish between these alterBehavioral Performance A total of 8.5% of all trials were terminated by premature natives by measuring the contrast-response functions of V4 neurons when the monkey either attended away eye movements, which did not appear to be related to the contrast of the target on a given trial. The monkeys from or toward the stimulus appearing within the receptive field.
responded inappropriately to the high-contrast distractor "foil" target at the unattended location on only 3% of the trials, compared to over 80% correct detection Results of the high-contrast target at the attended location, indicating that the monkeys attended to the correct location We recorded responses of 84 well-isolated V4 neurons in two Macaca mulatta monkeys (40 neurons in one on nearly all trials. The task was demanding, as indicated by the fact that performance steadily declined with remonkey, 44 neurons in the other) as they performed an attention-demanding task, and measured changes in duced target contrast. Excluding trials in which the monkey broke fixation, correct performance was, on averneuronal responses with attention as a function of luminance contrast. The behavioral task we used to control age, 81.2% at the highest contrast and 77.4%, 72.5%,
Figure 2. Stimulus Configuration and Task
The monkey fixated a small dot at the center of the computer screen. Sequences of oriented, bar-shaped patches of grating were simultaneously presented at two locations: one at the hot spot of the V4 receptive field (RF indicated by dashed black square) and the other at an equally eccentric position in the opposite hemifield. At the beginning of a block of trials, a white cue box appeared at one of the locations, to indicate which sequence should be attended. On each trial, variable-length sequences of stimuli appeared simultaneously at the two locations, and the monkey's task was to release a bar when it detected a target stimulus (a rotated square patch of grating) that appeared at the cued location. Once the monkey was responding reliably to the appearance of the target and ignoring distractor targets that occasionally appeared at the uncued location, the cue was removed, and the monkey had to continue to attend to the cued location throughout the rest of the trials. On each trial, the length of the sequence was chosen at random to be from one to six stimuli. The contrast of each stimulus in the sequence was chosen at random. Therefore, the monkey could not predict when the target would appear and could not predict the contrast of a stimulus before it appeared.
69.8%, and 21.8% at successively lower target conPopulation Average Responses trasts. This decrease in performance at low contrast The response gain model predicted that the effects of resulted from an increase in the number of error trials attention should increase with firing rate, and, therefore, in which the monkey never released the bar when the stimulus contrast, but this prediction was not supported target appeared. The percentage of no-release trials by the data. Rather, the effects of attention on firing increased from 8% on high-contrast trials up to 75.2% rates were greatest at low contrast (low firing rates) and at the lowest contrast tested. The percentage of trials smallest at high contrast (high firing rates), consistent on which the monkey released prior to the appearance with the contrast gain model. This is illustrated in Figure  of the target (7.5%) did not depend on the contrast of 3, which shows an example of a neuron tested at five the target. contrast levels, when attention was either directed away from the stimulus in the receptive field (left column) or toward it (middle column). The average response of the Neuronal Selectivity neuron over time at each level of contrast is shown in As indicated above, it was important that the nontarget the right column. There was no effect of attention on stimulus did not drive the neuron to its maximum possifiring rate to the stimulus of 40% contrast (mean reble firing rate. Therefore, during the initial mapping prosponses 28.0 Ϯ 1.2 SEM versus 29.3 Ϯ 1.4 SEM with cedure, we tried to identify a stimulus that elicited a and without attention, two-tailed t test, p ϭ 0.49) or 80% response that, while clear, was smaller than the recontrast (mean responses 39.6. Ϯ 1.9 SEM versus 37.9 Ϯ sponse elicited by the neuron's preferred stimulus. We 1.6 SEM with and without attention, two-tailed t test, used this nonoptimal stimulus as the nontarget stimulus. p ϭ 0.51), averaged over the 400 ms after stimulus onset. Then, in the main experiment, we included probe trials At 20% contrast there was a statistically significant (twoin which the preferred stimulus appeared instead of the tailed t test, p ϭ 0.007) increase in response with attennontarget stimulus, while the monkey performed the tion, from 27.5 Ϯ 1.4 SEM spikes per second to 33.7 Ϯ attention task at the position opposite the receptive 1.6 SEM spikes per second. The largest change in firing field. Thirty-nine of the 84 neurons (46%) had signifirate with attention was observed with the 10% contrast cantly different responses (computed over the 400 ms stimulus, which did not elicit a significant response when period following stimulus onset) to the preferred stimuit was unattended and was thus below the neuron's lus and the nontarget stimulus (unpaired t test, p Ͻ 0.01) contrast-response threshold (mean response during at high contrast. For these cells, the preferred stimulus 400 ms after stimulus onset 13.5 Ϯ 1.4 SEM versus mean elicited a response that was, on average, 65% higher baseline response 12.3 Ϯ 0.7 SEM spikes per second, than the nontarget stimulus. Across the entire populaone-tailed t test, p ϭ 0.26). With attention to this subtion of 84 neurons, the response elicited by the preferred threshold stimulus, the firing rate increased from 13.5 Ϯ stimulus was, on average, 29% greater than the re-1.4 SEM spikes per second to 23.1 Ϯ 1.5 SEM spikes sponse elicited by the nontarget stimulus. The differper second, which was highly significant (two-tailed t ence in response between preferred and nontarget stimtest, p ϭ 0.00001). Thus, attention reduced the contrastuli was highly statistically significant (paired t test, p Ͻ response threshold of the neuron while having no effect 0.0001). Thus, neurons were not being driven to their maximum physiological firing rate at high contrast.
on the response to high-contrast stimuli. Attention had no effect on the responses to 40% and 80% contrast gratings. Attention caused a small but significant increase in response at 20% contrast. The neuron did not respond to an unattended 10% contrast grating, but it responded clearly to the same stimulus when it was attended. Note that some raster plots have fewer rows than others. To maintain a constant raster marker size, we inserted blank rows so that each raster plot has 53 rows.
We observed smaller increases in firing rate with attest, p ϭ 0.25). However, there was a brief period late in the response, from 200 to 300 ms after stimulus onset, tention at high contrast across the population, as illustrated in Figure 4 , which shows average responses of during which attention significantly (paired t test, p ϭ 0.004) increased absolute firing rate by 14% (25% inthe entire population of 84 neurons. Attention caused the largest increases in firing rate to stimuli that were crease in response above baseline). Consistent with observations in primary visual cortex (Gawne et al., 1996) , near the contrast-response threshold (the second lowest contrast tested, second panel from left). Here, attenresponse onset latency appears to increase at lower contrasts. tion caused a 24% increase in the average absolute firing rate (i.e., firing rate without subtracting away sponThe effects of attention were reduced at high contrast both in terms of spikes per second and in terms of taneous activity) during the 400 ms after stimulus onset, and a 72% increase in the average response above percent increases in firing rate. This is illustrated in Figure 5 , which shows average responses to attended and baseline. A significant increase in firing rate with attention continued throughout the duration of the response ignored stimuli as a function of contrast. Figure 5A shows responses to attended (solid black line) and ig-(p Ͻ 0.001, paired t test). As stimulus contrast increased, the effects of attention on the neuronal response denored (solid gray line) stimuli, averaged across neurons that were significantly modulated by attention, accreased. At the highest contrast tested, attention caused a 4% increase in absolute firing rate (9% incording to a two-way ANOVA (see Experimental Procedures). crease in response above baseline), but this was not statistically significant (paired t test, p ϭ 0.17). For this Consistent with Luck et al. (1997), we found a small but statistically significant increase in spontaneous activity highest contrast stimulus, there was no effect of attention during the initial 100-200 ms time period (paired t when monkeys attended to the receptive field location Black and gray bars show the results for cells that were separated and then converged again at saturation contrast. Thus, the largest increases in firing rate were oband were not significantly modulated by attention, respectively, according to a two-way ANOVA (see Experiserved at lower contrasts. This is indicated by the dashed line in Figure 5 , which shows the percentage mental Procedures). Consistent with the results observed in the population average response, there were change in firing rate with attention, and the dotted line, which shows the change in firing rate in spikes per secmoderate increases in neurons' spontaneous firing rates (median 8.6% increase). Attention caused substantial ond. The lowest contrast tested showed the largest percent increase in firing rate (34%). As indicated above, increases in the response elicited by the lowest contrast, subthreshold stimuli (median, 43.1% increase). Nearly the lowest contrast stimulus was chosen to be below the neuron's contrast-response threshold and therefore all of the neurons that were modulated by attention (36/ 39 ϭ 92.3%) had stronger responses to these subthreshdid not elicit a significant response when monkeys attended away from the receptive field. However, with old stimuli when they were attended. There is also a clear rightward bias in the histogram across the population as attention to the receptive field, the average response to these subthreshold stimuli was significantly above a whole. It is important to note that these increases were observed despite the fact that these stimuli appeared baseline activity (mean increase in response 5.9 Ϯ 0.9 SEM spikes per second, p Ͻ 0.001, paired t test). This below the neurons' contrast-response thresholds and did not elicit a response above the spontaneous firing reduction in contrast-response threshold is consistent with a leftward shift in the contrast-response function, rate when they were unattended. Thus, attention reduced contrast-response thresholds across the populai.e., with the contrast gain model.
The increase in firing rate with attention diminished tion. As was observed in the population average responses, the magnitude of changes in firing rate with as a function of contrast, reaching a low of 3% at the highest contrast tested. This difference in firing rate attention was diminished at higher contrasts. between attended and unattended conditions was not statistically significant when the responses were averQuantifying the Increase in Sensitivity aged over the entire 400 ms period (mean increase in in Contrast Units response with attention, 0.9 Ϯ 0.8 SEM spikes per secThe above analyses show that attention increases neuond, paired t test, p ϭ 0.59). However, as noted above, ronal sensitivity, resulting in a leftward shift of the conthe increase in firing rate with attention to the hightrast-response function. In order to quantify this sensicontrast stimulus was mainly limited to a brief period late tivity increase in units of contrast, we constructed in the response, and during this period the difference in neurometric functions for each neuron, which estimated response was significant (see Figure 4) . Figure 5B shows how reliably the neuron could detect attended and igresponses averaged across the remaining 45 neurons nored stimuli as a function of contrast (see Experimental that were not significantly modulated by attention. Procedures). Briefly, at each contrast, we computed a receiver operating characteristic (ROC) sensitivity index that reflects how reliably the neuron could detect the Attention Effects across Neurons To verify that the larger increases in firing rate with stimulus at that contrast. This provided us with five sensitivity measures across contrast for attended stimuli attention at low contrast were typical of the population, were just below the contrast-response threshold and did not elicit Statistically significant differences are indicated by asterisks (p Ͻ a response when unattended (second panel from bottom). For these 0.05) and double asterisks (p Ͻ 0.001). Error bars indicate Ϯ two subthreshold stimuli, the majority of points are to the right of 100%, times the standard error of the mean difference in response to indicating an increase in firing rate with attention. Note that elevaattended and ignored stimuli. For neurons that were modulated by tions in spontaneous activity (bottom panel) were smaller than those attention (A), attention to the receptive field location caused a small observed with subthreshold stimuli, despite the fact that these stimbut significant increase in spontaneous activity. Attention caused uli did not elicit responses when unattended. Attention effects also larger and more significant increases in response for intermediatediminish in magnitude at higher contrasts (upper panels). Bins are contrast stimuli. There was a small increase in response with atten-0.067 log 2 units in width. Average responses were computed over tion to the highest contrast stimulus tested, but this was not statistithe 400 ms following stimulus onset. Average spontaneous activity cally significant. As expected, there was little or no effect of attention was computed over the 250 ms prior to stimulus onset. across neurons that were not individually modulated by attention, according to the ANOVA (B).
Weibull function fits for a single neuron. The neuronal response elicited by the unattended stimulus at 4% and five more sensitivity measures for ignored stimuli. We used a maximum likelihood method (Quick, 1974) contrast could not be differentiated from the neuron's spontaneous firing rate, as indicated by an ROC value to fit each of these sets of five sensitivity measures with a Weibull function (see Experimental Procedures).
of ‫5.0ف‬ (leftmost gray square). The neuron's ability to detect the stimulus steadily increased with contrast This is illustrated in Figure 7A , which shows the neuron's ability to detect a stimulus could be equivalently improved by either directing attention to the stimulus or increasing its contrast by slightly more than a factor of two.
Across the population of neurons, attention shifted the Weibull function to the left, reflecting increased sensitivity. This is illustrated in Figure 7B , which shows the distribution of shifts across the 61 neurons that could reliably be fit by Weibull functions in both attention conditions. For neurons that were significantly modulated by attention (black bars), the median shift was Ϫ0.25 log units of contrast, which is equivalent to a 79% increase in the effective contrast of attended stimuli. This estimate is consistent with the increase in response observed across the population, computed for neurons that were modulated by attention (see Figure 5A ). Across the entire population (black bars ϩ gray bars), the median shift was Ϫ0.18 log units of contrast, or a 51% increase in effective contrast with attention.
Attention Effects with Preferred Stimuli
Diminished effects of attention at high contrast could potentially be due to our use of nonoptimal stimuli. For example, at high contrast, nonoptimal stimuli might acti- when unattended (a reduction in contrast-response threshold). The largest changes in firing rate with attention were observed for stimuli that were within the dynamic range of the contrast-response function. The ef-(gray squares). When attention was directed toward the stimulus in the receptive field, ROC values were higher fect of attention diminished at high contrasts, reaching a minimum for stimuli that were above the saturation and reached an asymptote of 0.95 at the highest contrast tested. We quantified the shift in the best-fit Weibull point on the neuron's contrast-response function. This reduction in the magnitude of attention effects at high function for each neuron by comparing the contrast at which each curve reached half its maximum height. The stimulus contrast was not a ceiling effect resulting from neurons being driven to their highest possible firing example neuron reached this threshold at 11.1% contrast for unattended stimuli and 5.1% contrast for atrates, as the stimuli used were of suboptimal orientation and spatial frequency and did not drive neurons to their tended stimuli, a reduction of 0.34 log units. Thus, this highest possible firing rates. The median increase in transient, thereby allowing the attention effects to be expressed at an earlier phase of the response. neuronal sensitivity with attention was equivalent to increasing the physical contrast of the stimulus by 51%.
Task Difficulty An alternative explanation for the greater effects of atTiming of Attention Effects
tention with low contrast stimuli is that such stimuli are As stimulus contrast is increased, neuronal response harder for the animal to detect, i.e., they demanded latencies become shorter in primary visual cortex and, a greater degree of attentional effort. Indeed, earlier presumably, in subsequent visual areas (Gawne et al., experiments have shown that the magnitude of attention 1996). Indeed, we observed shorter response latencies effects in V4 increases with task difficulty (Spitzer et al., at high contrast in V4, for both attended and unattended 1988). It is unlikely, however, that the present effects stimuli. However, the increase in average firing rates are due to a change in task difficulty with target contrast, with attention that we observed for low-contrast stimuli because on each trial the contrast of each stimulus in was not accompanied by any obvious decrease in rethe sequence was randomized. The monkeys could not sponse latency. Thus, the increase in effective stimulus predict the contrast of the target until it appeared at the contrast with attention in V4 is not identical to an inend of the trial. Therefore, they could not adjust their crease in physical stimulus contrast. What mechanism attentional effort to compensate for target contrast until might then account for the increased contrast sensitivity after the disappearance of the nontarget stimuli. Furwith attention? One possibility is that attention may inthermore, because the contrasts of the nontargets were crease the efficacy of inputs from afferent neurons to randomized, a high-contrast nontarget was just as likely the recorded neuron. The effect on the target neuron to appear in a trial with a high-contrast target as it was would be similar to an increase in the strength of the to appear in a trial with a low-contrast target. presynaptic signal itself. Because this increase in
The possibility remains, however, that the monkeys strength of inputs with attention would occur downanalyzed the contrast of each successive stimulus "on stream from the V1 (or earlier) mechanisms that cause the fly" and then withdrew attention from high-contrast latencies to decrease with physical contrast, the attenstimuli, so as to expend a lower level of effort determintional effects on responses would not be accompanied ing whether the high-contrast stimulus was a target or by latency changes in V4. a nontarget. This would require the monkey to immediWe have previously proposed a model for the changes ately reallocate attention to the cued location in order in firing rate that occur when attention is directed to to determine the contrast of the succeeding stimulus. one of two stimuli that appear simultaneously within the Moreover, the duration of the blank interval between receptive field (Reynolds et al., 1999), and this model successive stimuli varied randomly. In order to attend predicts the present results with a single stimulus in the reliably to the next stimulus in the sequence, the monkey receptive field as well. According to this model, when a would need to redeploy attention to the cued location single stimulus appears, this activates afferent neurons within 400 ms of the offset of the current stimulus, which that send both excitatory and (through inhibitory inwas the shortest interstimulus interval used. The target terneurons) inhibitory input to the recorded cell. As the could appear after as many as five nontargets, so this strength of afferent inputs increases, the neuron apstrategy would require the monkey to rapidly reallocate proaches a maximum firing rate for that stimulus, which attention up to ten times within a trial before detecting is determined by the ratio of excitatory to inhibitory the target. It would seem that such a strategy would input. Consistent with the finding that V4 neuron reincrease, rather than reduce, the effort expended by the sponses are a sigmoidal function of the logarithm of monkey. contrast, the model predicts that firing rate should be The most direct evidence that the monkeys did not a sigmoidal function of the logarithm of input strength. pursue this strategy comes from the timing of attentional When attention is directed to the stimulus, the resulting modulation. If monkeys initially attended to the cued increase in effective stimulus strength increases the location and only withdrew attention after determining strength of excitatory and inhibitory input to the rethat the stimulus was of high contrast, then the effects corded neuron, resulting in a leftward shift of the sigmoiof attention should be most evident at the onset of the dal function. response and should then diminish after attention was Consistent with the present data, the model predicts withdrawn from a high-contrast stimulus. In fact, the no changes in response onset latency with attention, timing of the attention effect was exactly the opposite. and it offers a potential explanation of the finding that It was completely absent during the initial response, the effects of attention on the response to low-contrast emerging weakly only later in the response (see Figstimuli occurred earlier after stimulus onset ‫001ف(‬ ms ure 4). after stimulus onset) than the attention effects on high-A related possibility is that after determining that a contrast stimuli ‫002ف(‬ ms after stimulus onset). Acstimulus is of low contrast, monkeys allocate additional cording to the model, the effects of attention should be attentional effort. This explanation would predict that for smallest when afferent inputs are strongest. Such strong low-contrast stimuli, attentional effects on the response inputs presumably occur during the initial transient reshould be observed only after the monkey hypothetically sponse to a high-contrast stimulus, where firing rates determined the contrast of the stimulus and increased are maximal. This might delay any effects of attention its attentional effort. However, again, we find the oppountil later in the response, when afferent inputs are site pattern of results. The effects of attention typically weaker. For low-contrast stimuli, afferent inputs are began at the initial onset of the response that was evoked by low-contrast stimuli (see Figure 4) . weak and there is often not a pronounced response
High-Contrast Stimuli Attracting Attention
will increase to a level comparable to the response elicited by the good stimulus alone. However, if attention Another possible explanation for diminished effects with high-contrast stimuli is that such stimuli may have atis directed to a poor stimulus in the receptive field, this typically reduces the response to the pair, so that it tracted the monkey's attention. As a result, even when the monkey was instructed to attend outside the reapproaches the response elicited by the poor stimulus alone (Reynolds et al., 1999) . The differences between ceptive field, the appearance of a high-contrast stimulus in the receptive field could attract the monkey's attenthe single and multiple stimulus configurations cannot be explained by a simple increase in response gain with tion to the receptive field location. Hence, any difference in firing rate due to the original attention instruction attention, but rather fit within the framework of a biased competition model of attention ( serted in each recording chamber at coordinates used during recording. We used a plastic cylinder that fit snugly inside the recording well to hold the marker electrode in place during the scan.
Changes in Sensitivity with Attention in Humans
At each end of the cylinder was a grid that was perforated with (from our set of four orientations and five spatial frequencies) that The two adult male rhesus monkeys used in this experiment were elicited the highest firing rate during this initial mapping. We selected cared for according to National Institutes of Health guidelines for the nontarget stimulus to be a stimulus that elicited a clear response the care and use of animals. Many of the details of the surgical (averaged over the 400 ms following stimulus onset) that was smaller techniques have been described previously (Miller et al., 1993) . than the response elicited by the preferred stimulus. For nonselecBriefly, two adult male rhesus monkeys (Macaca mulatta) were surtive cells, the orientation and spatial frequencies of the nontarget gically implanted with a headpost, a scleral eye coil, and a recording stimuli were chosen randomly. To quantify the difference in rechamber. Surgery was conducted under aseptic conditions with sponse to preferred and nonpreferred stimuli, we recorded reisofluorane anesthesia, and antibiotics and analgesics were adminsponses to preferred stimuli on probe trials, in which the preferred istered postoperatively. Preoperative magnetic resonance imaging stimulus appeared instead of the usual nontarget stimulus while (MRI) was used to identify the stereotaxic coordinates of V4. V4 the monkey performed the attention task at the position that was recording chambers were placed over the prelunate gyrus. The skull opposite the receptive field. For a few cells, we also measured remained intact during the initial surgery, and small holes ‫3ف(‬ mm attentional modulation using nontarget stimuli that were of the neuin diameter) were later drilled within the recording chambers under rons' preferred orientation and spatial frequency. ketamine anesthesia and xylazine analgesic to expose the dura for After selecting the spatial frequency and orientation of the target and nontarget stimuli, we determined the dynamic range of each electrode penetrations. neuron's response as a function of stimulus contrast (%contrast ϭ of the target. In addition, the larger number of nontarget stimuli provided a more reliable measure of response strength. maximum luminance Ϫ minimum luminance)/(maximum luminance ϩ minimum luminance) ϫ 100). These measurements were performed Because the contrasts of targets and nontargets were selected separately, the lower performance with the lowest contrast target during passive fixation by presenting the nontarget stimulus across a range of seven contrasts (1.25%, 2.5%, 5%, 10%, 20%, 40%, stimuli did not affect the number of trials recorded for low-contrast nontarget stimuli. On average, for each neuron, 19.7 stimulus repeti-80%). Responses to this stimulus provided an initial estimate of the contrast threshold of the cell, its dynamic range, and the point of tions at each contrast level were presented with attention away from the receptive field, and 21.1 stimulus repetitions were presented at contrast saturation. Based on these estimates, we selected five contrasts that spanned the neuron's dynamic range and were each contrast level with attention to the receptive field. The average number of stimulus repetitions in each attention condition was 22.7 spaced at equal log intervals of contrast (typically doubling the next lower contrast). The highest contrast stimulus was selected to be at the lowest contrast tested and 25.2, 16.2, 18.9, and 19.3 repetitions at each successively higher contrast. at or above the point where further increases in contrast did not result in further increases in firing rate. Note that the highest contrast To analyze the time course of changes in firing rate with attention, we divided the period of time following stimulus onset into 100 ms stimulus often elicited responses that were greater than the second highest contrast stimulus, which was selected to be within the dywindows, and performed paired t tests on average firing rates across neurons with and without attention directed to the receptive field namic range of the contrast-response function.
(see Figure 4) . To separately analyze neurons modulated by attention (see Figures 5 and 6 ), we performed, for each neuron, a two- Task Figure 2A) . The box cued the monkey to we computed two neurometric functions: (1) one for responses reattend to that location. Sequences of stimuli appeared at both locacorded when attention was directed to the stimuli appearing within tions. Most stimuli were rectangular nontargets, but occasionally, the receptive field, and (2) a second for responses recorded when a rotated square target would appear at the cued location. The attention was directed away from the receptive field. This was done monkey received a juice reward if it released a bar within a time in two steps. First, for each contrast, we computed a detection window of 200-500 ms after target onset. If the monkey released index indicating how reliably the neuron's stimulus-evoked rethe bar outside of this 300 ms time window, or failed to release the sponses could be discriminated from its spontaneous activity (i.e., bar when the cued target appeared, the computer screen went how reliably the neuron could detect the presence of the stimulus). blank, and after a brief delay a new sequence began. On 20% of Second, we separately fit a Weibull function to each set of five trials, a distractor "foil" target appeared at the noncued location, sensitivity measures (attend away, attend receptive field). The deand the monkey was not rewarded if it responded to the foil. tection index measured the degree of overlap between the distribuOnce the monkey was responding reliably to targets appearing tion of trial-by-trial stimulus-evoked responses and the trial-by-trial at the cued location, and was ignoring distractor targets at the distribution of spontaneous activity. Stimulus-evoked responses uncued location, the cue was removed and the monkey had to were computed by averaging the spike rate during the 400 ms followcontinue to perform the task in the absence of the cue (see Figure  ing stimulus onset. Spontaneous activity was computed by averag-2B). We carefully monitored behavioral performance to ensure that ing the spike rate during the 250 ms period prior to stimulus onset. monkeys continued to respond to targets at the location that had
The detection index was the area under a receiver-operator-charbeen cued, and to ignore distractor targets at the other location. acteristic (ROC) curve, which was constructed by plotting the probaOccasionally, monkeys responded to several distractor targets in a bility of correctly detecting the presence of the stimulus (the probarow, indicating that they had misunderstood the cue. When this bility of "hits") as a function of the probability of misclassifying occurred, we immediately terminated the block of trials and recued spontaneous activity as a stimulus-evoked response (the probability the monkey to attend to the correct location.
of "false alarms"), across all possible decision thresholds. The area The period of time between successive stimulus onsets (stimulus under the ROC curve provided a nonparametric measure of the onset asynchrony [SOA]) varied across a uniform distribution from performance of a hypothetical ideal observer judging whether or 650-800 ms. While SOAs varied randomly for each stimulus, onset not a stimulus was present by monitoring the responses of the times were matched at the two locations, so stimuli at the two neuron. A value of 0.5 indicates that the stimulus-evoked response locations appeared synchronously. On each trial, one to six stimuli could not be discriminated from the spontaneous activity of the appeared (at each location). The number of stimuli appearing on neuron. Higher values indicate better detection, with a maximum a given trial was selected at random from a uniform distribution. possible value of 1.0 indicating that the neuronal response was so Therefore, the monkey could not know in advance when the target reliably different from the spontaneous activity that the neuron could would appear and had to attend to the cued location throughout signal the presence of the stimulus every trial. The computation of the trial in order to detect the target, release the bar, and earn the ROC curves is further described in McNicol (1972). reward.
We computed this index for each stimulus contrast, with and Because the contrast of each stimulus was chosen at random without attention. To quantify the effect of attention as a function from the set of five possible contrasts, the monkeys did not know of contrast, we fit separate functions to the five ROC detection in advance whether the target that would appear at the end of a indices measured with and without attention to the receptive field trial would be of high contrast or low contrast. Thus, differences in stimulus (see Figure 7A ). We used a maximum-likelihood method the magnitude of attention effects for nontarget stimuli could not (Quick, 1974) to fit these data using a Weibull function, which is of reflect variation in attentional effort with target contrast. the form y ϭ f(x) ϭ l ϩ (u Ϫ l)(1 Ϫ 2
Analysis of Neuronal Responses
Responses were analyzed only for correctly performed trials, excluding instruction trials. All data analysis was restricted to nontarwhere x is the luminance contrast and y is the fit to the ROC curve get stimuli because neuronal responses to target stimuli were typiareas. We set the lower asymptote, l, to 0.5 because, logically, a cally interrupted by the behavioral response or the delivery of neuron cannot detect a stimulus of zero contrast. The upper asymptote, u, was set equal to the higher of the two ROC values measured reward, which only occurred (on correct trials) after the appearance 
